Effect of Image Potential on Spin Polarized Transport through Magnetic
  Tunnel Junctions by Raza, Tehseen Zahra & Raza, Hassan
ar
X
iv
:1
71
1.
08
38
8v
1 
 [c
on
d-
ma
t.m
es
-h
all
]  
22
 N
ov
 20
17
Effect of Image Potential on Spin Polarized Transport through Magnetic Tunnel
Junctions
Tehseen Z. Raza
National University of Computer and Emerging Sciences, Islamabad, Pakistan
Hassan Raza
Center for Fundamental Research, Islamabad, Pakistan
We study the effect of image potential on spin polarized transport through Fe/MgO/Fe magnetic
tunnel junctions in the presence of symmetry filtering. The image potential is included within
the Simmon’s model coupled with the non-equilibrium Green’s function formalism to calculate the
quantum transport. The increase in the current densities for the ∆1 symmetry and the ∆5 symmetry
bands due to the image potential is more pronounced at higher bias, whereas, the increase in the
magnitude of the tunnel magnetoresistance ratio is more prominent at lower bias for various barrier
thicknesses.
I. INTRODUCTION
Quantum mechanical tunneling is an important phe-
nomenon not only for fundamental research, but also for
various applications. Recently, the unique symmetry fil-
tering property of MgO, where it preferentially tunnels
the ∆1-like orbital symmetry states, has enabled vari-
ous applications in memory and sensors. The use of
MgO in Fe/MgO/Fe magnetic tunnel junction (MTJ)
heterostructures has led to very high tunnel magnetore-
sistance (TMR) ratios due to the half-metallic ∆1 band
in [100] direction for Fe. %TMR ratios for Fe/MgO/Fe
magnetic heterostructures have been theoretically pre-
dicted to be in excess of thousands [1, 2], which were
followed by experimental observations of about 200% in
CoFe/MgO/CoFe and fully epitaxial Fe/MgO/Fe MTJ
devices at room temperature [3, 4].
Image potential plays an important role in metal based
tunneling geometries. In this context, Simmon’s model
[5, 6] has been widely used in tunneling calculations.
Within this model, the image potential not only low-
ers the tunneling barrier but also reduces the effective
thickness by modulating the barrier shape, thereby af-
fecting the transport. In MgO based systems, where the
symmetry filtering governs the transport properties, the
effect of image potential on the non-equilibrium trans-
port may not be established a priori. In this paper, our
motivation is to study how the spin polarized quantum
mechanical tunneling is affected by the image potential
through Fe/MgO/Fe MTJs in the presence of symmetry
filtering.
This paper has been organized into four sections. We
discuss the theoretical model in Sec. II, followed by the
results in Sec. III. Finally, we provide the conclusions in
Sec. IV.
II. THEORETICAL MODEL
The device structure is shown in Fig. 1(a) with the
corresponding lattice. We use independent-band tight-
FIG. 1. (color online) Schematic device structure and image
potential profile for a 4-layer device. (a) Ball and stick model
for an Fe/MgO/Fe MTJ device and the corresponding lat-
tice. The atomic visualization is done by using Hu¨ckel-NV
[7]. (b) At equilibrium, the image potential reduces the bar-
rier height and thickness for an otherwise rectangular barrier
for a 4-layer device. With an applied bias, the barrier is fur-
ther reduced due to the linear screening potential across the
insulating barrier.
binding (IBTB) model coupled with the Non-Equilibrium
Green’s Function (NEGF) formalism to calculate the
spin-polarized quantum transport [8] through these mag-
netic heterostructures. In IBTB method, each lattice
point corresponds to a unit cell. Thus, for a 4-layer de-
vice shown in Fig. 1(a) there are two lattice points cor-
responding to the two MgO unit cells. The energy band
diagram for a heterostructure with insulating region is
shown by a rectangular barrier in Fig. 1 (b). Under
equilibrium, the image potential modulates the barrier
shape, effectively lowering the barrier height and reduc-
ing the barrier thickness. The effect of image potential
2TABLE I. Spin-polarized IBTB parameters (in eV). Band off-
set (Ebo) and hopping parameter (to) for the majority(↑) spin
band and the minority(↓) spin band of bcc-Fe(100) are re-
ported [8].
Band Symmetry to Ebo
↑ ↓ ↑ ↓
∆1 4s, 4pz, 3dz2 2.5 2.5 -1 1
∆5 4px, 4py , 3dxz, 3dyz 1 1 -3.5 -2.0
∆2 3dx2−y2 -0.2 -0.35 -2.1 -0.8
∆2′ 3dxy 0.2 0.2 -1.5 0.4
FIG. 2. (color online) Symmetry bands for bcc-Fe(100). ∆1,
∆5, ∆2 and ∆2′ bands for the majority spin and the minority
spin by using extended Hu¨ckel theory [9].
(UI) is included within the Simmon’s model as follows
[5]:
UI = −1.15λ
s2
x(s− x)
(1)
where
λ = e2
ln2
8πǫs
(2)
In the above equation, s is the barrier thickness, x is
the distance from the left electrode as shown in Fig. 1(a),
ǫ = 11.9ǫo is the bulk permittivity of MgO and e is the
electronic charge. Typical experimentally investigated
thicknesses are between 6 and 15 monolayers of MgO
[3]. According to the atomic structure for crystalline
Fe/MgO/Fe [10], after including the atomic relaxation
at the interface, the barrier thicknesses for the 4-layer,
8-layer and 12-layer Fe/MgO/Fe devices are about 1.13
nm, 1.99 nm and 2.85 nm, respectively.
In order to calculate the transmission for homogeneous
materials by using the IBTB method, we start with the
TABLE II. IBTB parameters (in eV) for MgO. MgO barrier
height Ub and hopping parameter to for the ∆1 symmetry
band and ∆5 symmetry band are reported [8].
to Ub
∆1 band 0.64 2.8
∆5 band 0.64 4.5
following Hamiltonian for each symmetry band [11],
HIBTB =
{
Ebo + 2to for i = j
−to for |i− j| = 1
(3)
where Ebo is the band offset and to is the hopping pa-
rameter. This results in a cosine dispersion as follows:
ǫ(k) = Ebo+2to[1− cos(kal)], where k is the lattice wave
vector and al is the lattice spacing in the transport direc-
tion. The IBTB hopping parameters and the band offsets
for various bcc-Fe(100) symmetry bands are reported in
Table I [8]. The Fe symmetry bands for the majority spin
and the minority spin are also shown in Fig. 2 which are
calculated by using extended Hu¨ckel theory [9].
The IBTB method has been benchmarked against ab
initio studies. Moreover, the IBTB parameters are trans-
ferable for various barrier thicknesses where a quantita-
tive agreement in current densities and TMR ratios has
been obtained. The model adequately captures the high-
bias trends as well.
For a heterostructure like Fe/MgO/Fe, the Hamilto-
nian in Eq. 1 is modified depending on the device mate-
rial. e.g., in our system the device is made up of MgO
tunnel barrier. We use Ub and to to specify the MgO
barrier. These IBTB parameters for MgO are reported
in Table II [8]. At the heterostructure interface, the
off-diagonal elements are chosen such that the resulting
Hamiltonian is Hermitian.
We use linear screening for the Laplace potential in the
tunnel barrier region. The image potential (UI) and the
Laplace potential (UL) are included in the Hamiltonian
matrix as follows:
HIBTB =


Ebo + 2to + UL + UI for i = j
−to for |i− j| = 1
0 otherwise
(4)
The Green’s function for the orthogonal IBTB is then
calculated as:
Gˆ = [(El + i0
+)I −HIBTB − Σ1,2]
−1 (5)
where ˆΣ1,2 = −toe
ik1,2al are the self-energies for the left
and right contact respectively, El is the longitudinal en-
ergy along the device and I is the identity matrix.
We further use NEGF to calculate the transmission.
Assuming an infinite device cross-section, for each k|| =
(kx, ky) in the transverse Brillouin zone (BZ), the trans-
mission in the longitudinal direction is given as Tˆ (El) =
3FIG. 3. (color online) Transport through ∆1 band and ∆5
band. The effect of image potential on the P and AP current
densities for a 4-layer Fe/MgO/Fe MTJ device. The current
densities with and without image potential are shown by solid
(red) and dotted (black) lines, respectively.
tr(Γˆ1GˆΓˆ2Gˆ†), where Γ1,2 = i( ˆΣ1,2 − ˆΣ1,2
†
) are the con-
tact broadening functions.
Finally, the transmission per unit area is calculated
analytically by summing over the 2D transverse BZ as
follows:
TIBTB =
1
4π2
∫ (pi
a
,pi
a
)
(−pi
a
,−pi
a
)
dkydkzTˆ (El) =
1
a2
Tˆ (El) (6)
where a = 2.86 A˚ is the Fe cubic lattice constant.
The current densities in the parallel (P) and the anti-
parallel (AP) configurations for the ∆1 band and the ∆5
band, per spin, are then calculated independently by us-
ing the Landauers formula as follows:
J =
e
h
∫
dEl TIBTB [f1 − f2] (7)
where f1 and f2 are the Fermi’s functions for the left and
right contacts respectively. For each band, the current in
either the P or the AP configuration is made up of two
components. In the absence of spin flip scattering, the
current density in the P configuration, where both the
Fe contacts have their magnetization aligned, is given by
JP = JP↑↑ + JP↓↓. For the antiparallel configuration,
the magnetizations of the two contacts are opposite, and
hence JAP = JAP↑↓ + JAP↓↑. The total current density
Jtotal in P and AP configurations is then calculated by
summing the current densities through the ∆1 and ∆5
bands. Only ∆1 and ∆5 bands are considered and ∆2 and
∆2′ bands are ignored due to their large decay rates [2].
The optimistic tunnel magnetoresistance ratio (TMR) is
finally calculated as:
TMR =
JP total − JAP total
JAP total
(8)
III. RESULTS AND DISCUSSION
The effect of image potential on the transport through
the individual bands is shown in Fig. 3. The image po-
tential effectively lowers the barrier height and thickness
thus increasing the current density through the device.
For Fe/MgO/Fe device, as the tunneling probability of
various symmetry bands is different due to the symme-
try filtering property of MgO, the image potential lowers
the effective barrier for various symmetry bands uniquely.
Under the applied bias, the Laplace potential is assumed
to drop linearly across the insulating barrier. Such linear
screening is a reasonable assumption for insulating barri-
ers. This however, leads to an additional barrier lowering
and thinning, effectively changing a rectangular barrier
into a triangular one. Thus, the current is incrementally
higher with the applied bias.
In P configuration for the ∆1 symmetry band, a thresh-
old behavior is observed in the current density at about
1 V with piecewise linear characteristics. Unlike the mi-
nority band edge for the ∆1 symmetry band at 1 V , the
majority band edge at −1 eV leads to states around the
chemical potential µo. The total JP for this band is thus
dominated by JP↑↑ current density where both the con-
tacts have majority spin configuration. At around 1 V
bias, the conducting states start to decrease, leading to
a decreased slope in the P current density. On the other
hand, the AP current density for the ∆1 symmetry band
increases sharply after about 1 V . This is due to the half-
metallic ∆1 band for bcc-Fe in [100] direction. With the
increasing bias, the minority spin band is pulled down
till it starts to contribute to states within the conduction
window.
Moreover, at high bias, the ∆5 band current density
starts to decrease. This is expected, since the bandwidth
of this band is 4 eV with the minority spin band edge
at about 2 eV . Therefore, at a bias of about 2 V the
available states at the Fermi energy start to decrease ex-
hibiting a negative differential resistance (NDR) effect.
One of the possible ways where such systems may ex-
hibit NDR is if the insulating barrier is designed to pre-
dominantly facilitate the tunneling through the ∆5-like
symmetry states. The analysis of such a system is left as
a future direction. Another system through which similar
NDR behavior has been reported is an electronic struc-
ture modulation transistor where graphene nanoribbon
is used with a finite bandwidth mid-gap state [12].
Apart from this, the total P current density is dom-
inated by the ∆1 band at low bias due to a lower po-
tential barrier for these symmetry states. On the other
hand, the total AP current density is dominated by the
∆5 symmetry band for low bias. As mentioned earlier,
after a critical voltage there is a sharp increase in the AP
current of the ∆1 symmetry band. This increase leads
to a sharp roll-off in TMR, which ultimately becomes
negative when the AP current density overcomes the P
current density.
Fig. 4 shows the total P and AP current densities for
4FIG. 4. (color online) Transport for various barrier thicknesses. (a) P and AP current densities for 4-layer, 8-layer and 12-layer
devices with image potential (solid red line) and without image potential (dotted black line). The effect of image potential is
more pronounced at higher bias. (b) Optimistic %TMR. The effect of image potential is more pronounced at lower bias for
4-layer, 8-layer and 12-layer devices.
4-layer, 8-layer and 12-layer devices with the correspond-
ing optimistic %TMR. The current densities are clearly
higher with the inclusion of image potential. Further-
more, the magnitude of %TMR with the image potential
is always greater than the magnitude of %TMR without
the image potential under all bias conditions. However,
this effect is more pronounced at lower bias for various
barrier thicknesses. The inset shows the magnified view
graph for the bias where the %TMR becomes negative
for a 4-layer device. This bias threshold of %TMR be-
coming negative is approximately 1.5V , 1.3V and 1.2V
for 4-layer, 8-layer and 12-layer devices, respectively.
Furthermore, the image potential effects are also
strongly dependent on the dielectric constant of the in-
sulator, since the potential varies hyperbolically with the
dielectric constant. Although, we show that the image
potential plays an important role in MgO based MTJ
devices, these effects will become more pronounced for a
device, where the barrier material has a lower dielectric
constant. Yet another example, where the image poten-
tial effects are reported to be important due to lower
dielectric constant, is the conduction through molecular
junctions [13].
IV. CONCLUSIONS
We have reported that incorporating image potential is
vital in understanding the transport through Fe/MgO/Fe
based tunneling heterostructures. Image potential modu-
lates the barrier height and the barrier thickness in an in-
tricate way. Combined with the symmetry filtering prop-
erty of Fe/MgO/Fe based heterostructures, the effect be-
comes sensitive to the barrier details for each symmetry
band. The current densities show a pronounced increase
at high bias, whereas the magnitude of %TMR shows a
prominent increase at lower bias.
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